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(54) System & method for gated radiotherapy l>ased on physiological inputs 

(57) A radiation therapy device (2) configured to 
receive a signal indicative of one or more of a patient's 
pfiysiological parameters. The signal controls a gating, 
wrhereby a phase of an RF pulse (1002) and an injector 
pulse (1006) are varied so as to inhibit X-ray production 
wWiout affecting injector or RF amplitudes. 
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Description 

CROSS REFERENCE TO RELATED APPLiCATIONS 

5 [0001] This application is a continuation-in-part of application Serial No. 09/007,441 , titled "Precision Beam Control 
for an Intensity Modulation Treatment System/ filed January 15. 1998 (Our File 98 P 7404 US), and also claims priority 
of provisional application Serial No. 60/075,990. filed February 25. 1998. titled "Design & Clinical Implementation of a 
System for Respiratory Gated Radiotherapy" (Our File 98 P 7427 US). This case is related to applications Serial No. 
09/007.304, entitled "Precision Dosimetry in an Intensity Modulated Radiation Treatment System" (Our RIe: 98 P 7403 

10 US) and Serial No. 09/007,444. entitled "System and Method for Dose Monitoring in an Intensity Modulated Radiation 
Treatment System." both filed January 15. 1998 (Our File 98 P 7405 US). 

BACKGROUND OF THE iNVENTION 

15 [0002] The present invention relates to radiation therapy, and more particularly, to a system and method for effidently 
delivering radiation treatment. 

DESCRIPTION OF THE RELATED ART 

20 [0003] Radiation emitting devices are generally known and used, for instance, as radiation therapy devices for the 
treatment of patients. A radiation therapy device generally includes a gantry which can be swiveled around a horizontal 
axis of rotation in the course of a therapeutic treatment. A linear accelerator is located in the gantry for generating a high 
energy radiation beam for therapy This high energy radiation beam can be an electron beam or photon (X-ray) beam. 
During treatment, this radiation beam is trained on one zone of a patient lying in the isocenter of the gantry rotation. 

25 [0004] In the case of an electron beam, for example, the electi-on accelerator typically includes an electi-on gun. accel- 
erating cavities, an exit window, and a radio frequency input. A trigger system generates modulator and injector signals 
and supplies them to an injector and a high voltage modulator. The modulator generates the radio frequency pulses and 
the injector generates the injector pulses. The injector pulses control the quantity of tfie electrons that will be emitted by 
the electron gun. The radio frequency creates an electi-omagnetic field in the accelerator which accelerates the electron 

30 beam toward the exit window. The injector and the radio frequency pulses must be synchronized; ottienwise. beam 
acceleration will not occur. 

[0005] To control the radiation emitted toward an object, a beam shielding device, such as a plate arrangement or a 
collimator, is typically provided in the trajectory of the radiation beam between the radiation source and the object. An 
example of a plate arrangement is a set of four plates tiiat can be used to define an opening for the radiation beam. A 

35 collimator is a beam shielding device which could include multiple leaves, for example, a plurality of relatively tiiin plates 
or rods, typically an-anged as opposing leaf pairs. The plates tiiemselves are formed of a relatively dense and radiation 
impervious material and are generally independently positionable to delimit the radiation beam. 
[0006] The beam shielding device defines a field on the object to which a prescribed amount of radiation Is to be deliv- 
ered. The usual treatment field shape results in a three-dimensional treatment volume which includes segments off nor- 

40 mal tissue, thereby limiting the dose that can be given to the tumor. The dose delivered to tiie tumor can be increased 
if the amount of normal tissue being irradiated is decreased and the dose delivered to the normal tissue is decreased. 
Avoidance of delivery of radiation to the organs surrounding and overlying the tumor determines the dosage that can 
be delivered to the tumor. 

[0007] An exemplary target volume is illustrated in FIG. 1 . The gross tumor volume (QTV) and clinical target volume 
45 (CTV) contain tissues to be treated. The planning target volume (PTV) places a margin around tiie GTV to account for 
patient movement and uncertainties in patient setup. The planning target volume (PTV) is defined to select appropriate 
beam sizes and beam arrangements taking into consideration the net affect of all the possible geometric variations in 
order to ensure that the prescribed dose is actually absorbed in the CTV. The ti-eated volume is the volume enclosed 
by an isodose surface selected and specified by the radiation oncologist as being appropriate to achieve the purpose 
so of treatment. 

[0008] The ultimate goal of radiation therapy is to deliver a treatment in which the CTV, PTV and treated volumes are 
identical. A difficulty in achieving this goal may arise because of voluntary and involuntary patient movement. 
[0009] Accordingly, it is desirable to predict when the patient will move and adjust radiation delivery accordingly. Var- 
ious physiological parameters and indicia are relevant to movement, and may be used to gauge when a patient is about 
55 to move. Such parameters include, for example, muscle contraction, alpha (brain) waves, blinking, cardiac rrovement, 
respiration, and tiie like. 

[0010] For example, in the thorax and abdomen, the PTV margin beyond the CTV is relatively large. A large contrib- 
utory factor is the organ motion due to respiration. In diagnostic imaging, organ motion has been recognized as a sig- 
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nificant cause of image blurring. Several techniques have been used in diagnostic imaging to reduce respiratory organ 
motion. Retrospective or prospective image correction techniques such as navigator echo imaging work well for MRI 
(magnetic resonance imaging), but are not applicable to radiation therapy. Breath holding has been used with success 
for spiral CT (Computed Tomography) scanner image acquisition but is not practical for radiation therapy because the 
5 beam on time is typically too long for most patients to their breaths. 

[0011] In addition, in radiation therapy, the challenge is not simply to freeze respiratory motion for a single session, 
as in the case of diagnostic imaging, but to do so reproducing patient position between consecutive respiratory cycles, 
radiation beams and treatment days. The procedure employed must ensure reproducibility of organ position not only 
during treatment but for diagnostic image acquisition used in treatment planning as well. 

10 

SUMMARY OF THE INVENTION 

[0012] These problems and the prior art are overcome in large part by a system and method for control of radiation 
therapy delivery according to the present invention. 

15 [0013] According to one embodiment, a physiology monitor may be used to characterize a patient's physiological 
mechanics by means of a sensor. The signal from the physiological monitor is used to generate a gating signal to gate 
the radiation beam at the optimal periods. Treatment commences with the accelerator fully powered up but with x-ray 
production inhibited by injecting electrons into the accelerator wave guide out of phase. When the gating signal from the 
respiratory monitor is received, the electrons are injected at the proper time and beam on commences. The electron 

20 injection is phase shifted in and out without affecting either the injector or the RF pulse amplitudes, thereby allowing iast 
transitions between no beam and beam on in conjunction with the physiological monitor. 

BRIEF DESCRIPTION OF THE DRAWINGS 

25 [001 4] A better understanding of the present invention can be obtained when the following detailed description is con- 
sidered in conjunction with the following drawings in which: 

FIG. 1 is a diagram of an exemplary treatmerit volume; 

FIG. 2 is a diagram of a radiation treatment device and treatment console according to an embodiment of the 

30 present invention; 

FIG. 3 is a more detailed block diagram illustrating portions of the present invention; 
FIG. 4 is a diagram of an exemplary pulse sequence; 

FIG. 5 is a diagram illustrating an initialization sequence according to an embodiment of the invention; 
FIG. 6 is a f bwchart illustrating operation of a method according to an embodiment of the invention; 
35 FIG. 7 is a flowchart illustrating a method for dose monitoring according to an aspect of the present invention; 
FIG. 8 is a graph of dose rate vs. time; 

FIG. 9 is a flowchart of a method for precision dosimetry according to an aspect of the invention; 
FIG. 10 is a diagram of dose rate and compensation factor vs. loop number according to the present invention; 
FIG. 11 is a diagram of a gating interface according to an embodiment of the invention; 
40 FIG. 12 is a diagram of an exemplary graphical user interface; and 
FIG. 13 is a diagram illustrating CEHFE gating. 

DETAILED DESCRIPTION OF THE INVENTION 

45 SYSTEM OVERVIEW 

[001 5] Turning now to the drawings and, with particular attention to FIG. 1 . a radiation treatment apparatus embodying 
the present invention is shown therein and generally identified by reference numeral 2. The radiation therapy apparatus 
2 may be a Mevatron or Primus linear accelerator available from Siemens Medical Systems. The radiation treatment 

50 apparatus 2 is configured to vary the synchronization of the RF modulator pulse and the Injector pulse, for example, in 
conjunction with the physiology monitor 1000. as will be discussed in greater detail below. The radiation treatment 
apparatus 2 includes a beam shielding device (not shown) within a treatment head 4, a control unit in a housing 9 and 
a treatment unit 200 according to the present invention. The radiation treatment device 2 includes a gantry 6 which can 
be swiveled around a horizontal axis of rotation 8 in the course of a therapeutic treatment. The treatment head 4 is fas- 

55 tened to a projection of the gantry 6. A linear accelerator is located in the gantry 6 to generate the high powered radia- 
tion required for the therapy The axis of the radiation bundle emitted from the linear accelerator and the gantry 6 is 
designated by 10. Electron, photon or any other detectable radiation can be used for the therapy. 
[0016] During the treatment, the radiation beam is trained on a zone 12 of an object 13, for example, a patient who is 
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to be treated and who lies at the isocenter of the gantry rotation. The rotational axis 8 of the gantry 6. the rotational axis 
14 of a treatment table 16. and the beam axis 10 intersect in the isocenter. 

[001 7] The plates or leaves of the beam shielding device within the treatment head 4 are substantially impervious to 
the emitted radiation. The collimator leaves or plates are mounted between the radiation source and the patient in order 
5 to delimit the field. Areas of the body, for example, healthy tissue, are therefore subject to as little radiation as possible 
and preferably to none at all. The plates or leaves are movable such that the distribution of radiation over the field need 
not be uniform (one region can be given a higher dose than another). Furthermore, the gantry can be rotated so as to 
allow different beam angles and radiation distributions without having to move the patient. 

[001 8] The radiation treatment device 2 also includes a central treatment processing or control unit 200 which is typ- 
10 ically located apart from the radiation treatment device 2. The radiation treatment device 2 is normally located in a dif- 
ferent room to protect the therapist from radiation. The treatment unit 200 includes output devices such as at least one 
visual display unit or monitor 70 and an input device such as a keytxjard 19. Data can be input also through data earn- 
ers such as data storage devices or a verification and recording or automatic setup system. 

[001 9] As discussed above, a physiology monitor 1 000 may be provided to provide an indication of patient movement 
15 based on monitoring physiological parameters. The physblogy monitor 1000 may be a known monitor configured to 
monitor muscle contraction, blinking, brain waves, heart movement or respiration. In particular, the physiology monitor 
1000 may include a sensor 1002. The physiology monitor 1000 may be a respiratory monitor such as the CO2SMO+ 
available from Novametrix Medical Systems. Inc.. Wallingfbrd, Connecticut. Such a respiratory monitor incudes a cap- 
nograph to measure CO2 using an infrared sensor, and a differential pressure pneumotachometer. used to measure air- 
20 way pressure and calculate both ainway flow and lung volume. Readings for the four respiratory parameters (COg, flow, 
pressure, and volume) may be obtained 100 times per second; the data are transmitted to the treatment processing unit 
200 via. for example, an RS-232 interface. 

[0020] As will be discussed in greater detail below, the readings from the physiology monitor 1000 are used to control 
a gating signal which adjusts the phase of the injector pulse and the modulator pulse relative to one another, thereby 

25 dynamically controlling the radiation treatment. 

[0021 ] The treatment processing unit 200 is typically operated by the therapist who administers actual delivery of radi- 
ation treatment as prescribed by an oncologist by using the keytxiard 1 9 or other input device. The therapist enters into 
the control unit of the treatment unit 200 the data that defines the radiation dose to be delivered to the patient for exam- 
ple, according to the prescription of the oncologist. The program can also be input via another input device, such a data 

30 Storage device. Various data can be displayed before and during the treatment on the screen of the monitor 70. 

SYSTEM BLOCK DIAGRAM 

[0022] Turning now to FIG. 3, a block diagram of the radiation treatment device 2 and portions of the treatment unit 
35 200 are. according to the present invention, illustrated in greater detail. An electron beam 1 is generated in an electron 
accelerator 20. The electron accelerator 20 includes an electron gun 21. a wave guide 22 and an evacuated envelope 
or guide magnet 23. A trigger system 3 generates injector trigger signals and supplies them to the injector 5. Based on 
these injector trigger signals, the injector 5 generates injector pulses which are fed to the electron gun 21 in the accel- 
erator 20 for generating electron beam 1 . The electron beam 1 is accelerated and guided by the wave guide 22. For this 
40 purpose, a high frequency source 90, such as a magnetron or klystron, is provided, which supplies radio frequency sig- 
nals fbr the generation of an electromagnetic f iekJ supplied to the waveguide 22. The electrons Injected by the injector 
5 and emitted by the electron gun 21 are accelerated by this electromagnetic field in the waveguide 22 and exit at the 
end opposite to electron gun 21 in electron beam 1 . 

[0023] As will be discussed in greater detail below, the trigger system 3 may include a phase shifter 3a for shifting the 
45 RF modulator and the injector 5 in and out of phase. In particular, the phase shifter 3a may be configured to delay the 
activation of the injector trigger by a predetermined period, such as 2.8 ms. to ensure that the beam is off during a 
pause condition. In addition, the phase shifter 3a may be configured to perform this phase shift during "gate" periods 
identified by the respiratory monitor 1000, as well be discussed in greater detail below. 

[0024] The electron beam 1 enters a guide magnet 23 and from there is gukled through a window 7 along axis 10. 
so After passing through a first scattering foil 15. the beam goes through a passageway 51 of a shield block 50 and 
encounters a flattening filter 1 7. Next, it is sent through a measuring chamber 60 in which the dose is ascertained. If the 
scattering foil is replaced by a target, the radiation beam is an X-ray beam; in this case, the flattening filter 17 may be 
absent, but it is typically present. 

[0025] Finally a beam shielding device 401 is provided in the path of radiation beam 1. by which the irradiated field 
55 Of the subject of investigation is determined. As illustrated, the beam shielding device 401 may include a plurality of 
opposing plates 41 and 42. only two of which are illustrated for convenience. In one embodiment, additional pairs of 
plates (not shown) are arranged perpendicular to plates 41 and 42. The plates 41, 42 are moved with respect to axis 
10 by a drive unit 43 (which is indicated in FIG. 3 only with respect to plate 41) to change the size of the irradiated field. 
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The drive unit 43 includes an electric motor which is coupled to the plates 41 and 42 and which is controlled by a motor 
controller 40. Position sensors 44 and 45 are also coupled to the plates 41 and 42, respectively for sensing their posi- 
tions. As discussed above, the plate arrangement 401 may alternatively or additionally include a multi-leaf collimator 
having many radiation blocking leaves. The leaves of such a multi-leaf collimator include a plurality of opposing leaf or 
5 rod pairs, each driven by a motor or drive unit. The drive units move the leaves in and out of the treatment field, thus 
creating the desired field shape. The rods, or leaves, are relatively narrow, and cast a shadow of about .5 to 1. cm at 
isocenter. 

[0026] The motor controller 40 is coupled to a dose unit 61 which may include a dosimetry controller 61a according 
to the present invention and which is coupled to a central processing unit 18 for providing set values for the radiation 

10 beam for achieving given isodose curves. The dosimetry controller 61a according to an aspect of the present invention 
Is configured to monitor for dose rate and accumulated dosage levels during PAUSE conditions. Accordingly, a memory 
unit 61b may be provided, which may store values corresponding to dose rate and accumulated dosage thresholds, as 
will be discussed in greater detail below. According to the present invention, if the detected dose rate and the dose 
exceed the thresholds, an interlock is asserted. In addition, as will be discussed in greater detail below, the dosimetry 

75 controller 61a is configured to generate an interlock if radiation is detected during gate off periods. 

[0027] in addition, as will be discussed in greater detail below, the memory 61b may be used to store a look-up table 
of values used to compensate for dosimetric delays during a start-up period. A timer (not shown) may be provided to 
determine the start-up period and/or predetermined compensation times during the start-up period. 
[0028] In operation, the output of the radiation beam is measured by a measuring chamber 60. In response to the 

20 deviation between the set values and the actual values, the dose control unit 61 supplies signals to a trigger system 3 
which changes in a known manner the pulse repetition frequency so that the deviation between the set values and the 
actual values of the radiation beam output is minimized. According to an aspect of the invention, when the high voltage 
modulator is decoupled, the measuring chamber 60 and the dose control unit 61 are configured to remain active and 
detect levels of applied radiation. If the levels exceed the threshold(s). the dose control unit 61 asserts an interlock, 

25 thereby shutting down the machine. In addition, the dose control unit 61 is configured to receive a GATE OFF signal 
from the trigger system 3: if any radiation is detected during gate off periods, an interlock is generated. 
[0029] Upon start-up. the dosimetry controller 61a monitors the output of the radiation beam via the measuring cham- 
ber 60. The dosimetry controller 61a then accesses the memory 61 b which contains, for example, a lookup table of 
conrection factors and applies the correction factors to the dose such that the signals which are applied to the trigger 

30 system minimize the predictable dose error resulting from dosimetry delays. 

[0030] The central processing unit 18 is programmed by the therapist according to the instructions of the oncologist 
and performs an optimization so that the radiation treatment device carries out the prescribed radiation treatment. The 
delivery of the radiation treatment is input through a keyboard 19. The central processing unit 18 is further coupled to 
provide set signals to the dose control unit 61 that generates the desired values of radiation for controlling trigger sys- 

35 tern 3. The trigger system 3 then adapts the pulse radiation frequency and other parameters in a corresponding, con- 
ventional manner. The central processing unit 18 further includes a control unit 76 which controls execution of the 
program and the opening and closing of the collimator plates 41 , 42 to deliver radiation according to a desired intensity 
profile. 

[0031 ] The central processing unit 1 8 is configured to deliver auto-sequencing of intensity nxxlulated treatments. One 
40 or more functional units, such as a verification and auto setup unit 1 02, provide inputs to the CPU 1 8 for controlling the 
radiation treatment. For example, once the verification and auto set-up unit 102 has verified system set-up, a RAD ON 
enable signal may be provided to the CPU 18. In response, the CPU 18 may issue a RAD ON signal to the trigger sys- 
tem 3 via the dose unit 61 . The trigger system then provides the injector and modulator triggers to the injector and mod- 
ulator, respectively, to generate the applied radiation beam. 
45 [0032] According to the present invention, the central processing unit 1 8 is corrf igured to automatically deliver prede- 
termined sequences of treatment fields, each field in the sequence being referred to as a segment. In order to do so, 
the treatment beam must be cycled on and off quickly, and stray doses prevented. This capability is provided by ensur- 
ing a rapid stabilization sequence for the high voltage and RF power systems prior to BEAM ON. 

so PRECISION BEAM CONTROL 

[0033] Turning now to FIG. 4, a diagram 1000 illustrating the techniques of the present invention is shown. In partic- 
ular, sequences of RF modulator pulses 1002. reflected RF pulses 1004. injector pulses 1006, and beam pulse 1008 
are illustrated. During time A, a BEAM ON segment is shown, with the injector pulse 1 006 and the modulator pulse 1 002 
55 synchronized. Time A is representative of. for example, the delivery of a radiation treatment field. During time B. a 
BEAM OFF or pause condition is shown. Time B is the period between delivery of segments during the intensity mod- 
ulated radiation treatment. During tills period, various parameters of the delivery may be changed in the auto- 
sequence. For example, the collimator leaf positions or gantry angle may be adjusted. During time B, the injector pulse 
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1006 and the modulator pulse 1002 are out of synchronization, so as to ensure that radiation is not applied to the 
patient. To do so, a predetermined delay may be inserted into the injector pulse sequence to ensure that the injector 
pulse 1006 lags the modulator pulse 1002. For example, as will be discussed in greater detail below, the injector trigger 
may be delayed relative to the modulator trigger by 2.8 milliseconds. Finally, during time C, the BEAM ON condition is 
resumed for delivery of the next segment. Accordingly, the injector pulse 1006 is again synchronized with the RF mod- 
ulator pulse 1002. Thus, the injector trigger delay is removed. The times A, B. C, may also represent GATE ON and 
GATE OFF periods, as will be discussed in greater detail below. 

[0034] Turning now to FIG. 5. a schematic 400 of the initial stabilization sequence is illustrated. At time Tq. power is 
turned on during the high voltage step. For example, the CPU 18 may respond to a command to start or initialize the 
system. This initializes the high voltage system. The high voltage step start lasts until time T^. for example, about 1 sec- 
ond. At time Ti. the high voltage is on. However, the CPU 18 does not activate the trigger system 3 until time T2. At time 
T2. the trigger system 3 is activated, for example, by the trigger system 3 receiving the RAD ON signal from the CPU 
1 8. While the triggers are activated, the injector trigger is delayed relative to the modulator pulse. Thus, the injector and 
modulator are not synchronized. In addition, the auto frequency controls are set to manual. This allows the RF to sta- 
bilize and the AFC prepositioning to set the operating frequency within a predetermined bandwidth so that proper AFC 
servo operation occurs when the AFC is set to auto. At time T3, the triggers are on and the auto-frequency controls are 
set to automatic. The injector and modulator remain unsynchronized. At time T4. the RAD ON condition is set. The trig- 
ger system 3 de-activates the phase shifter 3a such that the injector trigger and the modulator trigger are delivered in 
synchronization with one another. Consequently, the BEAM ON condition is set, with the dose servo open loop. At time 
T5. the dose servo is closed loop (The dose servo controls the dose rate, which is a measure of dose delivered per unit 
time. The dose rate is determined by magnitude of dose per pulse times the dose servo period. The dose rate is con- 
trolled by adjusting the pulse repetition frequency of the system. The open loop period allows for sufficient dose servo 
period to elapse before closing the servo loop). The next pause state is entered into by phase shifting the injector pulse 
relative to the modulator pulse. 

[0035] Turning now to FIG. 6. a flowchart of system operation is illustrated. In a step 502, power is turned on. At this 
time, in a step 504. the verification and auto setup unit 102 performs a system test, ensuring, for example, that the col- 
limator leaves are properly positioned for the particular segment. RAD ON Enable commands may be transmitted to the 
CPU 18 in a step 506. In a step 508. the CPU 18 determines whether all of the function controllers have provided a Rad 
On Enable signal. If not, the CPU 18 waits until all are received. If all the function controllers have provided a Rad On 
Enable signal, then the CPU 18 provides a Rad On signal to the trigger system 3, in a step 510. The trigger system 3 
initiates the injector and modulator triggers in a step 512. However, the injector trigger is delayed for 2.8 ms relative to 
the nrxxlulator trigger by activating the phase shifter 3a. This ensures that no radiation is delivered. 
[0036] After a wait period (step 514), determined for example, by an internal counter, the trigger system 3 deactivates 
the phase shifter 3a, in a step 51 6. At this time, radiation is delivered for the treatment segment in a step 51 8. The dose 
measurement unit 60 monitors the delivered dosage in a step 520. The measurement information is provided to the 
dose control unit 61 . The dose control unit 61 conpares the measured dosage to the prescribed dosage, in a step 522. 
The monitoring continues while the delivered dosage is less than the prescribed dosage. If the two are determined to 
be equal, then in a step 524, the trigger system 3 activates the phase shifter 3a, to de-synchronize the modulator and 
the injector, such that radiation is no longer delivered to the patient. 

[0037] If all segments have been delivered, as determined in a step 526. then the CPU 1 8 shuts down the power in 
a step 528. However, if not all the segments have t>een delivered, then the modulator and the injector are maintained 
out of synchronization while the system settings are adjusted for the new segment, in a step 530. 

DOSE MONITORING 

[0038] As discussed above, the radiation therapy device is configured to deliver radiation according to an auto- 
sequence of intensity modulated field segments. Between field segments, a PAUSE state is entered. In particular, upon 
entering the PAUSE condition, the verification and auto set up unit 102 receives the previous segment's treatment 
results from the CPU 18. In addition, the verification and auto set up unit 102 downloads the next field segment to the 
CPU 18. When the new segment has been received, the CPU 18 automatically moves the jaws 41 , 42 and multi-leaf 
collimator leaves (if required) as well as the gantry and treatment head, if required. In one embodiment, the high voltage 
may be turned off by the CPU 1 8 during the PAUSE state. In another embodiment, the injector pulse and the RF mod- 
ulator pulse are desynchronized: but the high voltage stays on. However, no radiation is delivered. 
[0039] According to the present invention, the CPU 1 8 monitors the dose rate and accumulated dose signals at the 
end of each segment. If the dose controller 61 detects that either the dose rate or the accumulated dosage exceed pre- 
determined thresholds, then an interlock is generated and the system is shut down. 

[0040] Turning now to FIG. 7, a flow chart 300 illustrating operation of the emtxxliment of the present invention is 
shown. In particular, in a step 302, the CPU 18 receives the segment specifications from the verify and auto set up unit 
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1 02. Reception of the segment includes reception of an <R )command that indicates that the segment is a non-final seg- 
ment. In addition, the received segment specification includes threshold values for the dosage rate and accumulated 
dosage which are stored by the CPU 1 8 in a memory unit. At the end of the non-final segment, the CPU 18 drops RAD 
ON but leaves HV ON (high voltage on) enabled until the start of the next segment. In one embodiment, this applies 

5 only if the subsequent segment is defined with the same energy, accessories, table position and beam shield position 
as in the previous segment. In a step 304. the CPU 1 8 detects the end of the segment. In a step 306, the CPU 18 drops 
RAD ON and maintains HV ON as enabled in response to the received <R >command- For a final segment, the high volt- 
age is dropped at the completion of the treatment. In a step 308, the CPU continues to monitor the dose rate by receiv- 
ing Inputs from the measurement unit 60 via the dose unit 61 . In particular, in one embodiment, at 30 milliseconds after 

10 the RAD ON line goes low (with the high voltage on line maintained high), if the monitored dose rate signal exceeds 200 
millivolts (which is proportional to the dose rate), as determined in a step 310, then the CPU 18 asserts an interlock in 
a step 31 6. The interlock shuts down the system so that no further radiation is delivered. In addition, in one embodiment 
500 milliseconds after the RAD ON line goes low {with the high voltage on line high), the number of monitor units (MU) 
delivered is measured in a step 3 1 2. If the number of monitor units during the PAUSE condition exceeds .4 monitor units 

15 as determined in a step 314. the CPU 18 will again generate an interlock in a step 316. 

PRECISION DOSIMETRY 

[0041 ] An important aspect of the invention relates to the initial phase of treatment, after BEAM ON. Refen-ing now to 
20 FIG. 8, a diagram illustrating the initial phase of a beam cyde is shown. During the initial phase between BEAM ON and 
time Ta, the dose rate rises to the prescribed dose rate. In one embodiment, the time T^ occurs at approximately 200 
milliseconds. During this time, the detected dose rate is known to lag behind the actual dose rate by a known, empiri- 
cally-derived period. A radiation treatment apparatus according to the present Invention compensates for this lag. 
[0042] For example, FIG. 9, is a diagram illustrating the dose rate and loop number and compensation factor. In par- 
25 ticular. the horizontal axis shows the loop number, which is representative of elapsed time, as will be discussed in 
greater detail below. As can be seen, the dose rate represented by a curve 902 increases from zero up to a predeter- 
mined level at a loop number equal to 20. A dose rate error occurs between loops zero and 20. Accordingly, a compen- 
sation factor, represented by the curve 904. is provided between loop 0 and 20 to overcome the delay from the 
dosimetry calculations. 

30 [0043] Turning now to FIG. 10. a flowchart illustrating the correction technique according to the present invention is 
shown. The system samples the dosage periodically during the 200 millisecond startup period and corrects for the 
amplification delays. In particular, in a step 402, the dosimetry controller 61 senses the RAD ON line going active, sets 
a loop number and an accumulated dose variable to zero. The loop number in the embodiment illustrated is a nurr^er 
between 1 and 20. with the sampling occurring every ten milliseconds. It is noted that more or fewer loops may be 

35 employed. In a step 404. the dosimetry controller 61 a resets and starts the timer. In a step 406, it is determined whether 
the timer is greater than or equal to ten milliseconds. If not. the system recycles. If the timer in step 406 was greater 
than or equal to ten milliseconds, then in a step 408 the timer is reset and restarted and the dose rate is read by the 
dosimetry controller 61a via the monitoring chamber 60. 

[0044] Next in a step 410, the dosimetry controller 61a determines whether or not the loop number is less than or 
40 equal to 20. If so. then in a step 41 2 the dosimetry controller will multiply the dose rate by the compensation factor which 
is a function of the loop number and will increment the loop number. As discussed above, the compensation factor 14 
is stored in a lookup table 61b and is known through empirical system analysis. For example, dosage measurements 
may be made from known test systems external to the radiation therapy device. Discrepancies between the dosage 
determined by the external test device and the radiation treatment cipparatus itself are used to establish the correction 
45 factors. 

[0045] If. in step 410. the loop number was not less than or equal to 20. then in a step 416. the accumulated dose is 
reset to the accumulated dose's previous value plus the dose rate times time. Next, in a step 418, the system deter- 
mines whether the accumulated dose is equal to the preset dose. If not. then the program cycles back to step 406. How- 
ever, if the accumulated dose is now equal to the preset dose, then the treatment is completed in a step 420. 

so 

PHYSIOLOGY GATED RADIOTHEPAPY 

[0046] As discussed above, the present invention monitors one or more predetermined physiological parameters and 
BEAM ON is allowed only when the parameters are within acceptable limits. Thus, for example, referring back to FIG. 
55 4, the periods A & C are representative of GATE ON periods and period B is representative of GATE OFF period. During 
period B (GATE OFF), the injector pulse 1006 and the RF modulator pulse 1002 are phase-shifted relative to one 
another so that the beam is off. 

[0047] Turning now to FIG. 1 1 , an exemplary interface circuit configured for treatment gating according to the present 
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invention is shown. In particular, the interface circuit 11 00 is representative of a controller in a Primus linear accelerator 
available from Siemens Medical Systems, Concord. California. The interface circuit 1 100 thus is configured to receive 
a plurality of inputs and to generate the trigger and injector and RAD ON pulses. Known inputs include a variety of 
clocks, such as a 1 megahertz clock for the ti mer 1 1 04, a 1 0 megahertz clock for the delay circuit 11 06, a RAD ON input 
5 and pulse repetition frequency (PRF) inputs, as well as trigger enable inputs. In addition, the circuit 1100 receives a 
GATE IN and GATE COM input into an opto-isolator 1102. The GATE COM input is simply the common ground; the 
GATE IN Input is a signal received from an external patient physiology processor or monitor (not shown). The GATE IN 
signal transitions from low to high throughout the treatment with a frequency depending upon the physiological condi- 
tion of the patient. As can be appreciated, the RAD ON input controls operation of a switch 1 108 to provide the injector 
10 INJ control. A delay circuit 1 106 Is provided in the path of the TRIG EN signal; the switch 1 108 switches the delay in 
and out of the enable path. During a gated treatment, the GATE IN signal overrides the RAD ON state and causes the 
injector INJ and /TRIG2 to be 2.8 milliseconds out of synchronization. According to one embodiment, a high value for 
GATE IN accomplishes this, although in alternate embodiments, a low value may be used. Beam generation ceases 
during this state and will continue when the GATE IN signal transitions to a low logic level {<N2.5V)- In addition, the lin- 
ts ear accelerator continually monitors the GATE OFF signal, which is an output from the opto isolator 1 1 02, and monitors 
for applied dosages when this signal is active. If any dose is detected during this condition a known interlock terminates 
the treatment. 

[0048] It is noted that a variety of input circuitry configured to receive signals indicative of physiological parameters 
may be employed, such as relays, logic gates, transistor switches, combinatorial logic, and the like. Thus. FIG. 1 1 is 
20 exemplary only. 

[0049] In the context of respiratory gated radiotherapy, it is known that the optimal time either to acquire images or to 
turn the linear accelerator beam on is at the point of maximum exhalation. At this point in the respiratory cyde the dia- 
phragm position is most reproducible and the diaphragm velocity is at a minimum. 

[0050] Turning now to FIG. 12, a graphical user interface 11 00 is illustrated which shows the use of each of the res- 

25 piratory parameters. Thus, the CO2 is illustrated as graph 1 102. the air flow is illustrated as graph 1 104. the volume is 
illustrated as graph 11 06. and the air pressure is illustrated as graph 1 108. Use of the four parameters may be accom- 
plished in different ways to gate the radiation on and off. In particular, radiation may be gated using a single exposure 
full exhalation (SEFE) algorithm, a single exposure full inhalation (SEFI) algorithm, a combination of SEFE and SEFI 
(SEFE + SEFI) a continuous exposure hold at full exhalation (CEHFE) algorithm, or a continuous exposure centered 

30 about full exhalation (CECAFE) algorithm. 

[0051] The SEFE system is useful, for example, during acquisition of a single X-ray image such as a radiograph on a 
radiation therapy simulator. During SEFE, at the end of exhalation, air flow and pressure approach zero long volume is 
at a minimum and CO2 level Is at a maximum. At the start of inhalation, the CO2 level drops sharply (i.e., A CO2 is neg- 
ative), while the other parameters change more slowly from their end points. The large negative A CO2 value is used to 

35 trigger image acquisition. Insuring that the long volume is below a preset value and the CO2 level is above a preset 
value, ensures that triggering doesn't occur at the wrong point in the respiratory cycle, such as might occur when a 
patient inhales after having not fully exhaled. Triggering is allowed only when the separate and redundant analysis of 
all four respiratory parameters indicates it is appropriate. This minimizes false positives with only a small increase In 
false negatives. Each of the parameters thresholds may be set interactively before image acquisition by obtaining a set 

40 Of training data while the patient breathes normally. 

[0052] It is often desirable to document the full range of organ motion, for example, when designing blocks fbr those 
cases in which the gated linear accelerator treatments are not being used. This requires a second exposure at the point 
of full inhalation in addition to the one obtained at full exhalation. At full inhalation, air flow and pressure again approach 
zero but CO2, A GO2 and long volume values are reversed from full exhalation. Thus, with the SEFI triggering occurs 

45 when A CO2 becomes sharply positive. The point of full inhalation is not as reproducible as full exhalation, txit careful 
setting of the CO2 and long volume limits ensure exposure at the proper point. A doubly exposed radiograph document- 
ing the two extreme diaphragm positions can be obtained by using a double exposure algorithm which is a combination 
of the two single exposure algorithms described above. 

[0053] The CEHFE algorithm is used to obtained images continuously with the diaphragm in a fixed reproducible posi- 
50 tion. Patients are instructed to hold their breath for short periods of time, typically two to three seconds after exhalation. 
Image acquisition commences when respiratory parameters are similar to those used by the SEFE algorithm except for 
the A CO2 which is now equal to zero. At the instant the patient begins inhaling, A GO2 becomes sharply negative and 
image acquisition terminates. Images are obtained for 30 to 90 seconds, reduction of organ motion is documented radi- 
ographically and conresponds to the motion that will be obtained when the same gating algorithm is used to gate the 
55 linear accelerator. 

[0054] Table 1 illustrates exemplary parameters for the CEHFE algorithm. 
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PARAMETER 


VALUE 


CO2 Derivative 3C02 


1-00 


Air Flow 


10% of Previous Maximum, 


Air Pressure 


20% of Previous Maximum (NOT USED) 


Lung Volume 


364 ml: Absolute Drop from Previous Maximum (Value Set Graphically) 


CO2 


35.4 mm Hg: Absolute Level (Value Set Graphically) 



[0(B5] For example, FIG. 13 illustrates a 30-second respiratory sample of the CEHFE gating algorithm for a 14-year 
75 old female with Hodgkin's disease. The shaded areas across from the "G" indicate those intervals when BEAM ON con- 
ditions are met. During "G", the gating signal G is sent to and received by the internee 1 100. The figure shows gating 
when flow (F), CO2 (C) and Volume (V) parameters are met; pressure (P) was not used and was latched *ON*. 
[0056] It is noted that due to age or medical status a limited number of patients are unable to hold their breath. In this 
case, the CECAFE algorithm is used. Image acquisition begins earlier in the respiratory cycle for the CEHFE algorithm 
20 by setting the threshold for acceptable long volume higher and acceptable CO2 level lower. Image acquisition is allowed 
to continue beyond the point that A CO2 turns sharply negative for a fixed period of time, usually 2.5 seconds. 
[0057] Generally, gating on the linear accelerator is accomplished using either continuous exposure algorithm with 
the hold breath method resulting in less diaphragm motion requiring a smaller PTV. Prior to treatment each day. a set 
of training data are obtained with the patient breathing normally allowing adjustment of the parameter levels used in trie 
25 gating algorithm. Treatment commences with the accelerator fully powered up but with X-ray production inhibited by 
injecting electrons into the accelerator waveguide out of phase. Port films are obtained using the SEFE algorithm. 
Longer exposures, as may be required with electron and portal imaging are accomplished using one of the continuous 
exposure algorithms. 



30 Claims 



1 . A controller for a radiation therapy apparatus characterized by: 



an interface (1 102) configured to receive one or more inputs (GATE IN) indicative of a state of one or more of 
35 a patient's physiological parameters: and 

a gating controller (1 100). said gating controller configured to vary a phase between an RF pulse (1002) and 
an injector pulse (1006) responsive to said one or more inputs. 

2. A controller according to Claim 1 , wherein said one or more inputs includes one or more inputs (GATE IN) respon- 
se sive to a heart monitor. 

3. A controller according to Claim 1 , wherein said one or more inputs includes one or more inputs (GATE IN) respon- 
sive to a muscle monitor. 

45 4- A controller according to Claim 1 , wherein said one or more inputs includes one or more inputs (GATE IN) respon- 
sive to a respiratory monitor. 

5. A controller according to Claim 1 , wherein said one or more inputs includes one or more inputs (GATE IN) respon- 
sive to a brain wave monitor. 



so 



6. A method for delivering radiation therapy, comprising: 



receiving one or more signals (GATE IN) indicating that a state of one or more of a patienfs physiological 
parameters have matched one or more predetermined criteria: and 
55 varying a phase between an RF pulse (1002) and an injector pulse (1 006) responsive to said receiving. 

7. A method according to Claim 6, wherein said state includes a state of a heart parameter. 
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8. A method according to Claim 6. wherein said state includes a state of a musde parameter. 

9. A method according to Claim 6, wherein said state includes a state of a respiratory parameter 

10. A method according to Claim 6. wherein said state includes a state of a brain parameter. 

1 1. A radiation therapy apparatus, including a means (2) for delivering a radiation dose to a patient, characterized by: 

a controller (1100) for receiving an input signal indicative of one or more of said patient's physiological param- 
eters. said controller configured to dynamically vary application of said dose responsive to said input. 

12. A radiation therapy apparatus according to Claim 1 1 . said controller (11 00) configured to an RF pulse (1002) and 
an injector (1006) pulse responsive to said one or more inputs. 

13. A radiation therapy apparatus according to Claim 12, said controller (1100) configured to execute an interlock 
responsive to detection of a dose during a period when said RF pulse (1 002) and said injector pulse (1 006) are out 
of phase. 

14. A radiation therapy apparatus according to Claim 1 1 , said input signal (GATE IN) indicative of a respiratory param- 
eter. 

15. A radiation therapy apparatus according to Claim 1 1 , said input signal (GATE IN) indicative of a heat parameter. 

16. A radiation therapy system including an apparatus (2) for delivering a predetermined radiation dose to a patient, 
characterized by: 

an interface (11 00. 1 102) configured to receive one or more input signals indicative of one or vmore of said 
patient's physiological parameters; and 

a controller (1 100) configured to vary a phase between an RF pulse and an injector pulse, whereby substan- 
tially no radiation is delivered to said patient when said RF pulse and said injector pulse are out of phase, and 
wherein said phase is varied responsive to said one or more signals indicative of one or more of said patient's 
physiological parameters. 

17. A radiation therapy system according to Claim 16. wherein said controller (1 100) is configured to vary said phase 
by inserting a predetermined delay between said RF pulse (1004) and said injector pulse (1006). 

18. A radiation therapy system according to Claim 16, said interfece (1 102) including an opto-isolalor (1 102) for receiv- 
ing said one or more inputs. 

19. A radiation therapy system according to Qaim 16, said controller (1 100) configured to generate an interlock if more 
than a predetermined level of radiation is detected during a period when said RF pulse (1004) and said injector 
pulse (1006) are out of phase. 



: <BP . 094015eAl I > 



10 



EP0940158A1 




EP0 940158A1 




EP 0 940 158 A1 




FIG. 3 



.09401SeAlJ_> 



EP 0 940 158 A1 



O 
O 



09 

_ E 



o 

CI a> 

OS Q. 



in 



4> 



o -o 3 c 



W9 



IS <^ 



^ -2 



o 

ts 



fM 



1 I 

SO oo 



8 3 S 3 



in 



^ 3 

O C3 



o B § 
• to — > 

' 0> c 



o o 

CO tr 

LXJ *C 



o 



» ^ £t 



CO 
UJ 



03 

^ iS 

O CO 



^ LLl 



3 

is 

O O 



CO ^ 



CO 



o 
o 



UUI 

;5 



CD 



§ 

CO 



CO 



14 



vj5?nnr.in- <fp nQ4oisflAi i > 



EP 0 940 158 A1 



C 



I 



Power ON 



I 



502 



Function 
controller 
tests 



504 



RadOn 
Enable 



■506 




Enable triggers 



I 



Phase 
shift 



Wait 

T 



Remove phase 
shift 



510 



512 



514 



516 



1 



500 



Deliver 
radiation 



I 



518 



Measure 

dosage 



520 




Adjust 
for new segment 



530 



Stop 



C 



FIG. 6 



528 



15 



MSDOCID: <EP ^094015eA1_l_> 



EP 0 940 158 A1 



C 



300 



Receive 
segments 



I 



-302 



Detect end 
of segment 



304 




FIG. 7 



BNSDOCID: <EP 0940158A1 I > 



16 



EP 0 940 158 A1 




NSDOCIO: <EP 09401 58A1J_> 



17 



EP0 940 158A1 



400 



Dosimetry Controller senses RAD_ON line go 
active. Sets ljoop_# & Acaimuiated_Dose to 0 



I 



■402 



Reset & Start Timer 




404 



NO 



Reset & Start Timer, 
Read Dose_Rate 



408 



410 



NO 



Loop_#<= 



414 



^<Z^ 412 ' 
YES T ^ 




Multiply Dose_Rate by 
Compensation_Factor(Loop_#) 
& Increment Lx>op_# 







I 



Accumulated. 


.Dose 


Accumulated 


_Dose 


+ 




Dose_Rate X 


Time 



-416 



418 




420 



YES 


Treatment 


> ^ 


Complete 



FIG. 9 



18 



EP0 940158A1 




EP0940158A1 



^ 1 1 ! — I B—l 1 r-T[ — I — I 1 1 — fTT TTT 1 — 1 — 5 1 1 1 — I TTT 




TIME [SEC] 

FIG. 13 



INSDCXIO: <EP 09401SRA1 I > 



22 



EP 0 940 158 A1 



European Patent 
Office 



PARTIAL EUROPEAN SEARCH REPORT 



Application Number 



which under Rule 45 of the European Patent Convention £p 99 ^0 3161 
shail l3e considered, for the purposes of subsequent 
proceedings, as the European search report 



DOCUMENTS CONSIDERED TO BE RELEVANT 




Category 


Citation of document with indication, where appropriate, 
of relevant passages 


Relevant 
to claim 


i^LAooirlo A 1 lUN Or Trie 
APPUCATiON (lntCI.6) 


X 


us 5 538 494 A (MATSUDA KOJI) 23 July 1996 

* column 5, line 28 - line 44 * 

* colurm 7, line 52 - column 8, line 54 * 

* column 9, line 21 - column 10, line 54 * 

* figures 11-23 * 


1,2.4, 
11 12 
14-16 


A61N5/1G 


X 
A 


EP 0 093 897 A (SIEMENS AG) 

16 November 1983 

* page 2, 1 ine 16 - 1 ine 32 * 

* page 4, 1 ine 19 - 1 ine 28 * 


11.14,15 
1-4 




X 
A 


US 3 871 360 A (VAN HORN JOSEPH M ET AL) 
18 March 1975 

* column 5, line 14 - line 55 * 


11,14,15 
1,2,4 




A 


US 2 920 228 A (GINZTON E L) 


1,12,16 






5 January 196G 

* column 3, line 23 - column 4, line 19; 


TECHNICAL FIELDS 
SEARCHED (lnLCi.6) 




figure 1 * 

-/" 




A61B 

A61N 
H05H 


INCOMPLETE SEARCH 




The Searoh Diviaion oomiden that the present appUcetion, or one or more of its claims, doesAio 
not comply with the EPC to suoh an extent that a meanmgftit search into the state of the art cannot 
t>e oarriMl out, or can only tM eanied out parti«ny, for these elatms. 




Clainmsa 


larahed completely : 






Claims seardied incompleteiy : 






Claims not searched : 






6-10 

Reason for tt>e limitation of the search: 






Article 52 (4) EPC - Method for treatment of the human 
or animal body by therapy 





Place dl ftearch 

THE HAGUE 



Dale of completion of the search 

16 June 1999 



Examiner 

Petter. E 



CATEGORY OF CITED DOCUMENTS 



X : paftioulorly relevant if token alone 

Y : partioularty relovant if combined with another 

dooument of the same category 
A : techrwlogioal t>ao^| round 
O : non-writtan disclosure 
P : intemwdiate cfcxHiment 



T : theory or principle underlying the invention 
E : earlier pMent document, but published on, or 

after the filing date 
D : document cited in the application 
L : dooument cited for other rea»ons 

& : meirber of the aame patent family, corresponding 
dooument 



23 



JNSDOCID: <EP 0940158A1.I_> 



EP0 9401S8A1 



European Patent 
Office 



PARTIAL EUROPEAN SEARCH REPORT 



Application Number 

EP 99 10 3161 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 



p.x 



Citation of document with indication, 
' of relevant passages 



where appropriate, 



US 4 617 494 A (LEBOUTET HUBERT P ET AL) 
14 October 1986 

* column 5, line 7 - line 52; figure 2 * 

WO 98 16151 A (UNIV COLUMBIA) 
23 April 1998 

* page 7, line 3 - line 19 * 



Relevant 
to claim 



1,12.16 



ll,14a5 



CLASSIFICATION OF THE 
APPUCATION (lnta.6) 



TECHNICAL FIELDS 
SEARCHED (lnt.CL6} 



24 



)NSDOCI0:<EP 09401 58A1 I > 



EP 0 940 158 A1 



ANNEX TO THE EUROPEAN SEARCH REPORT 
ON EUROPEAN PATENT APPUCATION NO. 



EP 99 le 3161 



"This annex fiats the patent fanBy members relating to tlie patent documents cited in the at>ove-nientioned European search report. 
The members are as oontained in tlie European Patent Office EOP file on 

The European Patent OHioe is in no way liable for these particulars which are merely given for the purpose of information. 

16-06-1999 



Patent document 
cited in search report 



Publication 
date 



Patent family 
member(8) 



Publication 
date 



us 5538494 


A 


23-07-1996 


JP 


7303710 


A 


21-11-1995 


EP 0093897 


A 


16-11-1983 


OE 


3216273 


A 


03-11-1983 


US 3871360 


A 


18-03-1975 


CA 


1031040 


A 


09-05-1978 






DE 


2436696 


A 


20-02-1975 








FR 


2239229 


A 


28-02-1975 








GB 


1444651 


A 


04-08-1976 








JP 


50043782 


A 


19-04-1975 


US 2920228 


A 


95-01-1960 


NONE 








US 4617494 


A 


14-10-1986 


FR 


2538206 


A 


22-06-1984 






CA 


1214874 


A 


02-12-1986 








EP 


0115720 


A 


15-08-1984 


WO 9816151 


A 


23-04-1998 


US 


5764723 


A 


09-06-1998 








AU 


4821797 


A 


11-05-1998 



For more details about this annex : see Officiai Journal of the European Patent Office, No. 12/82 



25 



JNSDOCID: <EP 0940l58Al_l_> 




THIS PAGE BLANK (uspro) 



